Abstract: Two stratigraphic sections of carbonate sediments with significant thickness differences and without appreciable tectonic deformation were studied near the trough and on a threshold zone at the Álava Trough. Such characteristics make them appropriate to analyze the influence of a slow progression of the diagenesis over the original clay suite. X Ray Diffraction (XRD), Transmission Electron Microscopy (TEM) and Analytical Electron Microscopy (AEM) techniques were applied in natural and alkylammonium-treated samples. Diagenesis slightly modified the clay mineralogy, the disappearance of smectite, and the variation in the content and ordering of the I/S mixed layer, with burial being the most noteworthy process. The total charge in the 2:1 expandable layers of smectite and I/S shows a slight increase, preferentially located on tetrahedral sheets, with depth. The data suggest a moderate diagenesis grade for the studied materials. The combination of techniques allowed identification of several types of detrital micaceous phases, as well-crystallized K-rich micas, Na-K micas, mica-chlorite stacks, and illites, with an expandable behaviour after the alkylammonium treatment. The total charge of illites did not change with diagenesis, suggesting their detrital origin. This research shows that the detrital assemblage masks the diagenetic evolution in the basin, which indicates the importance of the combination of different techniques to infer correctly the diagenetic grade in a sedimentary basin.
Introduction
Smectite illitization is the most common mineral diagenetic process that occurs in the burial of pelitic rocks. The process comprises a series of chemical reactions and structural changes that give rise to coherent domains intermediate between smectite and illite. These are the so-called illite/smectite (I/S) mixed-layer minerals, which consist of different stacking sequences of two kinds of TOT (tetrahedral-octahedral-tetrahedral) layers, illitic (I) and smectitic (S), whose main difference is the layer charge, due to different compositions [1] [2] [3] . As diagenesis advances, the proportion of illite layers in the mixed layers increases, together with the order of the stacking sequences between I and S. A progressive evolution of phases: From R0 ordering (less than 50% illitic layers, stacked in a random way) towards an ordered stacking of R1 ordering, in which the (I/S) sequence predominates, although the illite content tends to be higher than 50% and up to 80%. In a stage of advanced diagenetic evolution, the layer stacking is defined by sequences with the R > 1 type, in which the amount of illite in the coherent domains is >80% and S layers are always separated by at less two illitic layers. In the final stage of diagenetic evolution, the illite (mica) is the stable phase.
Most studies aiming to determine the degree of diagenesis in sedimentary basins support their approach on the distribution of the aforementioned phases. In pelitic materials, the different stages of prograde diagenesis are associated with the presence or absence of certain phases of mixed-layer minerals identified by conventional X-ray diffraction techniques. These methods are useful for many basins as they clearly reveal differences in diffraction profiles from samples with a progressively higher grade of diagenesis [4, 5] . However, the correspondence between the interpretation of these phases as determined by XRD and their physical reality is often a topic for disagreement among researchers [2, 3, [6] [7] [8] . This leads to difficulties in reaching a consensus on the illitization mechanism during diagenesis, and an accurate structural characterization of the involved phases in this process is required. The smectite to illite transformation reaction produces, in general terms, an increase in the TOT layer charge and the subsequent K fixation in the interlayer space [9, 10] . Therefore, structural adjustments are needed and they affect not only the magnitude of the charge of the 2:1 expandable layers, but also their localization in the octahedral or tetrahedral layers [11, 12] . Characterization of the charge of the 2:1 expandable layers (magnitude, homogeneity, and distribution) can therefore be seen to provide significant information to clarify the illitization mechanism.
XRD analysis of the 2:1 expandable layers intercalated with n-alkylammonium ions [13] shows great resolution for calculation of the charge and its distribution between the tetrahedral and octahedral layers as well as to determine the homogeneity of the 2:1 layers at the crystallite scale. However, there are still few studies on the evolution of the layer charge (comparing different methods) in diagenetic settings despite the fact that the n-alkylammonium ion method and subsequent modifications have been used for several decades [13] [14] [15] [16] . Probably, the reason is the painstaking analytical protocol required and the difficulty involved in interpreting the resulting diffraction patterns, especially in polymineral clay samples, which are common in diagenetic series [17, 18] .
In the Basque-Cantabrian basin, the general distribution of the diagenetic grade has been determined by various authors based on clay mineralogy and illite crystallinity [5, [19] [20] [21] [22] . The Álava Block domain ( Figure 1 ) crops out almost continuously in this basin. It comprises a thick mainly carbonate series without significant tectonic alterations. Recently, the authors of [23] performed a comparative study (XRD-TEM-AEM) on a series of samples from this domain of the Basque-Cantabrian basin, in which the charge of the 2:1 layers was determined with the alkylammonium ion-exchange method. High Resolution Transmission Electron Microscopy (HRTEM) showed that the phases determined by XRD have physical reality, and that the charge values obtained from the alkylammonium method agree with those yielded by the structural formula method determined by analytical electron microscopy (AEM).
Given the geological characteristics of the Álava Block in the Basque-Cantabrian basin, and the current state of knowledge, this domain is an ideal scenario to analyse the effect of progressive diagenesis on the structural characteristics of the 2:1 expandable layers. Taking into account the geological context of the basin and its sedimentary characteristics, the original mineralogy is complex ( [5] and references therein). Therefore, it is fundamental to characterize correctly the diverse phyllosilicates regarding their textural and genetic relationships and with other minerals. Transmission electron microscopy (TEM) is a valuable tool when the necessary scale of observation is micro-and nanometric [24] . To this particular end, the original texture of the samples needs to be preserved by ion-mill preparation from thin sections. Additionally, the smectite layers must be kept from collapsing under the vacuum and electron beam of the microscope in order to differentiate smectite and illite individual layers and recognize each kind of I/S in situ. Therefore, a new TEM study on samples prepared using LR white resin was carried out to correlate the layer-charge properties determined by the n-alkylammonium method [23] with the clay mineralogy and micro/nano textural relationships. Consequently, the goals of this work were, first, to analyze the evolution in the 2:1 expandable layer charge and their layer distribution during smectite illitization in burial diagenesis of a carbonate sequence. A second objective was to determine its correspondence with the evolution of other parameters of clay mineralogy, such as the presence or absence of certain phases and the nature and proportions of expandable layers in I/S mixed layers. A third objective was to analyse the effect of detrital materials on the apparent determined grade. To achieve these aims, XRD, TEM, and AEM techniques were applied to characterize the clay mineralogy of the studied sequence and these data were combined and compared with those of the previous methodological study [23] .
Geological Context and Background
The study area is located in the Álava Block domain of the Basque Cantabrian Basin (Figure 1 ). The geological history of this basin is related to the opening and closing of the Bay of Biscay, which is closely connected with the geodynamic evolution of the North Atlantic Ocean. Its depositional history (Permo-Triassic to present day) shows significant lateral differences in sedimentation and subsidence rates controlled mainly by block tilting due to the operation of deep basement faults (NW-SE), which resulted in a sharp compartmentalization of the basin.
The Álava Block is composed of Cretaceous and Cenozoic sediments along a stratigraphic section of more than 12,000 m. Outcrops of Lower Cretaceous materials (very scarce in the region) consist of detrital sediments (fluvial-deltaic sandstones and shales) with intercalated carbonate episodes (Urgonian facies). Upper Cretaceous materials are mainly carbonates (limestones and marls) deposited on a marine platform, which is progressively deeper northwards. Sedimentation during the Late Cretaceous shows great cyclicity due to eustatic events. Paleogene sediments are only present in the central sector of the Álava Block and consist of a pre-orogenic sequence of shallow Consequently, the goals of this work were, first, to analyze the evolution in the 2:1 expandable layer charge and their layer distribution during smectite illitization in burial diagenesis of a carbonate sequence. A second objective was to determine its correspondence with the evolution of other parameters of clay mineralogy, such as the presence or absence of certain phases and the nature and proportions of expandable layers in I/S mixed layers. A third objective was to analyse the effect of detrital materials on the apparent determined grade. To achieve these aims, XRD, TEM, and AEM techniques were applied to characterize the clay mineralogy of the studied sequence and these data were combined and compared with those of the previous methodological study [23] .
The Álava Block is composed of Cretaceous and Cenozoic sediments along a stratigraphic section of more than 12,000 m. Outcrops of Lower Cretaceous materials (very scarce in the region) consist of detrital sediments (fluvial-deltaic sandstones and shales) with intercalated carbonate episodes (Urgonian facies). Upper Cretaceous materials are mainly carbonates (limestones and marls) deposited on a marine platform, which is progressively deeper northwards. Sedimentation during the Late Cretaceous shows great cyclicity due to eustatic events. Paleogene sediments are only present in the central sector of the Álava Block and consist of a pre-orogenic sequence of shallow marine carbonate facies on which a postorogenic sequence of fluvio-lacustrine detrital sediments was deposited. During the Late Cretaceous in the Álava Block domain, a deep, subsiding trough (the Álava Trough) formed, and elongated NW-SE [25] . The presence of deep diapiric upwellings led to a series of subsidiary paleogeographic troughs and swells that determined the depositional history of the study area. For most of the Late Cretaceous and up to the middle Campanian, the study area resided in the sedimentary setting of a circalittoral marine platform. The differential subsidence then ended, and sedimentation became homogeneous throughout the Álava Trough, initiating the start of a regressive cycle.
This study focuses exclusively on Upper Cretaceous materials (upper Cenomanian to Campanian) as this is the interval with a transition between the R0 and R1 diagenetic stages. The lithological homogeneity of this series, and especially of this interval, rules out the possibility of lithological changes influencing the mineralogical differences recorded during diagenesis in the study sections. Furthermore, the study zone is structurally located along a wide, gentle, and thick monoclinal belt, generally dipping S; it shows no signs of intense tectonic deformation at any time during its entire post-depositional history. Two parallel sections were studied in the Álava Trough area; the outcrops are nearly continuous and are therefore easily correlated lithostratigraphically. Despite their proximity to each other (just 25 km apart), they have a significant difference in the accumulated thickness (around 50%; Figure 1 ). The cause can be found in the differential subsidence in the two sections linked to the diapiric upwellings. Therefore, while the western CS section was located near the trough depocentre for most of the Late Cretaceous, the eastern KG section was a threshold zone with hiatuses in sedimentation.
On the basis of the geochemical data, thickness distribution, and paleocurrent directions, the studied sediments come from a common source area (the Hesperian Massif) and deposition might have taken place in a stable continental margin or a pull-apart basin [20] . The clay mineralogy of the complete Late Cretaceous series was determined in prior works in which a great number of cuttings from old oil boreholes were analysed by XRD [5, 21] . The origin of the clay minerals identified was extensively discussed in those works. Thermal and burial models for some of these boreholes revealed an evident downward-increasing diagenetic evolution and maximum temperatures of 160 • C for the R0 to R1 transition in the smectite illitization [5] . Each of these stages was recognized throughout burial intervals from 1640 m to 2060 m, respectively, which implies a slow advance in the illitization process.
Materials and Methods
Nearly 5000 m of outcrop were sampled from the Upper Cretaceous marly series (upper Cenomanian to upper Campanian); this is the interval in which [5] determined the diagenetic transition between the R0 and R1 stages via XRD. In total, 36 marly samples were collected ( Figure 1 ) and their clay mineralogy was confirmed by conventional XRD methods [26] and compared to that determined on the cuttings analysed in the above mentioned work. After this XRD screening, eight samples from different burial depths and representative of the R0 and R1 stages were selected for the alkylammonium ion-exchange method study [23] using the complete series of 6 to 18 carbon atoms in the alkylammonium chain (nc). The magnitude of the 2:1 layer charge was determined [13, 27, 28] as well as its distribution between the octahedral and tetrahedral layers [15] . All the layer charge values were finally associated with the type of I/S mixed layers in each sample and correlated with the burial depth. 
Sample Preparation

XRD Analysis
Outcrop samples were gently crushed with a laboratory jaw-crusher. A solution of 0.2 M HCl was added to a suspension of crushed rock and continuously agitated for 20 min to eliminate carbonates. The <2 µm and <0.5 µm fractions were separated by centrifugation and then smeared onto glass slides. Samples were also saturated with K, Li, and Mg for specific determinations, using 1 M KCl or LiCl, or 0.1 M MgCl and washed free of cation salts. After Li treatment, samples were smeared on opaque fused silica slides, heated to 300 • C, and glycolated for 24 h. XRD was performed using CuKα radiation with a Philips PW1710 diffractometer (Philips, Amsterdam, The Netherlands). The step size was 0.02 • 2θ with a counting time of 0.5 s per step.
The clay minerals were identified in accordance with the position of the (00l) series of basal peaks on the XRD profiles of air-dried specimens, solvated with ethylenglycol, dimethyl sulfoxide, and heated (at 550 • C for 1.5 h) [26] . The mixed-layer smectite-rich R0 (<50%I) and illite-rich R1 (60-80%I) clay minerals were identified by routine methods [26, 29] . Routine semi-quantitative estimates were made on the XRD patterns selected peak and the corresponding reference intensity ratios (RIRs).
Transmission Electron Microscopy
TEM investigation of I/S mixed-layer minerals is hindered by the collapse of expandable interlayers under high vacuum. This collapse makes the distinction between smectite and illite layers very difficult to impossible. The samples were treated with L.R. White resin, following the procedure of the authors of [30] , to facilitate the differentiation of illite and smectite interlayers in TEM images. During preparation, samples were kept away from water to prevent smectite expansion and resultant sample damage. Sticky wax-backed thin-sections were prepared with surfaces perpendicular to bedding and examined by optical microscopy. Typical areas were removed using attached Cu washers for TEM observation, thinned in an ion mill, and carbon coated. TEM investigations of the expandable illites were also done in samples treated with alkylammonium ions prepared as [23] .
TEM observations were carried out with a Philips CM20 (Philips, Amsterdam, The Netherlands) equipped with an EDAX solid-state detector (AMETEK, Berwyn, PA, USA) operating at 200 kV, with a LaB6 filament (Scientific Instruments Centre, Granada University). Lattice-fringe images were acquired according to the procedures recommended by [31] . The mineral nature of each area was qualitatively identified by selected-area electron diffraction (SAED) and EDX analysis. The chemical composition of, illites, micas, C/S, and chlorites were also determined by AEM. AEM compositions of smectite (Sm) and I/S and details of the methodology can be found in [23] .
Results
Bulk Mineralogy
The two sections are quite similar lithologically, mostly carbonates (marls and clayey limestones generally), with, consequently, a very similar total mineralogy with few variations throughout each section. Calcite is the major mineral at over 50% in most samples. The terrigenous fraction is higher at the base of each section (upper Cenomanian-lower Turonian) and at the top of both series (middle-upper Campanian). It comprises quartz and phyllosilicates in similar proportions, together with minor feldspars that are rarely in proportions of over 10%. Worth noting is the abundance of dolomite throughout the upper Campanian of section CS; that chronostratigraphic interval is lacking in section KG.
Clay Mineralogy
The distribution of the <2 µm clay minerals can be seen in Figure 1 . Clay mineralogy of the two sections is qualitatively very similar. Smectite (including R0 I/S) and illite are the major minerals, together comprising over 75% of the composition. I/S mixed layers (R1) are also present throughout both sections, with proportions increasing with burial depth at the cost of smectite. In the CS section, I/S mixed layers reaches proportions of around 30%, whereas in the KG section, they only occurred in the two deepest samples, with proportions attaining a maximum of 20%. Kaolinite also appears in most samples, but is more abundant at the top of both sections and in the lowermost part of the KG section. Chlorite occurs in almost all samples in low proportions (generally less than 10%) and without significant variations. Chlorite/smectite (C/S) mixed layers are also found in very small amounts in the lower part of the CS section and in the bottom of the KG section.
Based on the distribution of the type of I/S mixed layers in each of the sections, related to burial depth, two mineralogical intervals are distinguishable, according to the stages of diagenetic evolution. The upper one (called R0) has abundant smectite, but in the lower one (R1), smectite is completely absent and R1 I/S mixed layers notably increase (Figure 1 ). Diffractograms typical of both intervals are shown in Figure 2 . The decomposition of the XRD profiles in the 5 to 10 • 2θ region provides very accurate fits in the R0 interval when the presence of a small proportion of I/S (R1) is considered to co-exist with the smectite (Figure 2 ). Likewise, in the R1 interval, the presence of an ordered C/S mixed layer co-existing with R1 I/S also provides a good fit in the profile decomposition. Based on the distribution of the type of I/S mixed layers in each of the sections, related to burial depth, two mineralogical intervals are distinguishable, according to the stages of diagenetic evolution. The upper one (called R0) has abundant smectite, but in the lower one (R1), smectite is completely absent and R1 I/S mixed layers notably increase (Figure 1 ). Diffractograms typical of both intervals are shown in Figure 2 . The decomposition of the XRD profiles in the 5 to 10°2θ region provides very accurate fits in the R0 interval when the presence of a small proportion of I/S (R1) is considered to co-exist with the smectite (Figure 2 ). Likewise, in the R1 interval, the presence of an ordered C/S mixed layer co-existing with R1 I/S also provides a good fit in the profile decomposition. The absence of smectite at the depth mentioned above occurs gradually in the CS section logged in the central trough while I/S (R > 0) mixed layers and illite increase (Figure 1 ). This distribution occurs even though the facies' type and bulk mineralogy do not reflect significant changes in detrital processes or the series lithology. However, in the KG section (logged in a less subsident area of the The absence of smectite at the depth mentioned above occurs gradually in the CS section logged in the central trough while I/S (R > 0) mixed layers and illite increase (Figure 1 ). This distribution occurs even though the facies' type and bulk mineralogy do not reflect significant changes in detrital processes or the series lithology. However, in the KG section (logged in a less subsident area of the trough), the smectite (R0), I/S mixed layers, and illite show no systematic variations except in the deepest samples. In these, smectite sharply decreases and then disappears, with a subsequent increase in the type R1 I/S mixed layers, illite, and, especially, kaolinite. In contrast to the CS section, this change is very closely associated with increased detrital processes in the series, represented by alternating marls and lutites from the upper Cenomanian-lower Turonian. Also remarkable is the presence of C/S mixed layers in the lower half of the CS series and sporadically in the KG series (in the interval where the smectite decrease is more evident).
Charge of 2:1 Expandable Layers
In the samples of this area of the Álava Block, the authors of [23] recently demonstrated the presence of different types of 2:1 expandable layers co-existing in the same sample ( Figure 3 ) by intercalating the complete series of n-alkylammonium ions. Packets of smectites and of illites with differently charged layers were identified. Details on their identification can be found in the above-referenced work. alternating marls and lutites from the upper Cenomanian-lower Turonian. Also remarkable is the presence of C/S mixed layers in the lower half of the CS series and sporadically in the KG series (in the interval where the smectite decrease is more evident).
In the samples of this area of the Álava Block, the authors of [23] recently demonstrated the presence of different types of 2:1 expandable layers co-existing in the same sample ( Figure 3 ) by intercalating the complete series of n-alkylammonium ions. Packets of smectites and of illites with differently charged layers were identified. Details on their identification can be found in the abovereferenced work.
(a) (b) The charge of the 2:1 expandable layers does not show overall significant differences between the R0 and R1 stages of diagenetic evolution (Figure 4a ). However, within each section, there is a slight tendency for the charge to increase with depth, both for the two different smectites identified in the R0 interval (Sm1 major and Sm2 minor) and for the 2:1 expandable layers in the R1, although in the latter interval, this trend is less marked. In contrast to the total charge, the distribution of the 2:1 layer charge [15] reveals a decrease in the octahedral charge that is compensated for by a slight increase in the tetrahedral charge such that, in the R1 stage, the total charge of the 2:1 layers is basically the charge of the tetrahedral layer (Figure 4b ). The charge of the 2:1 expandable layers does not show overall significant differences between the R0 and R1 stages of diagenetic evolution (Figure 4a ). However, within each section, there is a slight tendency for the charge to increase with depth, both for the two different smectites identified in the R0 interval (Sm1 major and Sm2 minor) and for the 2:1 expandable layers in the R1, although in the latter interval, this trend is less marked. In contrast to the total charge, the distribution of the 2:1 layer The treatment with n-alkylammonium ions has revealed the presence of a complex population of micaceous material, which was collectively included in the reflection at 10 Å in conventional XRD. In addition to the typical mica with a rational series of peaks based on (001) at 10 Å, which remains as a non-expandable remnant after the n-alkylammonium treatment, two populations of expandable micaceous phases were revealed in response to the long-chain alkylammonium ions (nc > 10) intercalation, which produces a continuous expansion [23] (Figure 2 ), thus discarding a vermiculite nature of such layers. These two populations were differentiated on the basis of their (00l) and (002) spacing, corresponding, respectively, to 28.5 Å/14.4 Å for the first population and 26.1 Å/13.0 Å for the second population, when they are treated with the alkylammonium nc = 14 ( Figure 3 ). The calculate charges [32] show a gap between both populations of approximately 0.1 eq/O10 (OH)2, with mean values of 0.87 ± 0.02 and 0.97 ± 0.02. The charge values confirm that these minerals are illites and micas, respectively ( Figure 4c ). The Hofmann-Klemen treatment indicates that the total charge of the two almost exclusively resides in the tetrahedral layer, without any noticeable differences between the fractions analyzed. Also, the values are very similar across the two study sections, with no appreciable variations regarding the burial depth or the R0 and R1 diagenetic stages (Figure 4c ).
TEM Study
TEM images were acquired of samples 1CS6 and 2KG6 (representative of interval R0) and samples 3CS3 and 3CS6 (representative of interval R1), as differentiated in terms of the clay mineralogy determined by XRD. The treatment with n-alkylammonium ions has revealed the presence of a complex population of micaceous material, which was collectively included in the reflection at 10 Å in conventional XRD. In addition to the typical mica with a rational series of peaks based on (001) at 10 Å, which remains as a non-expandable remnant after the n-alkylammonium treatment, two populations of expandable micaceous phases were revealed in response to the long-chain alkylammonium ions (nc > 10) intercalation, which produces a continuous expansion [23] (Figure 2 ), thus discarding a vermiculite nature of such layers. These two populations were differentiated on the basis of their (00l) and (002) spacing, corresponding, respectively, to 28.5 Å/14.4 Å for the first population and 26.1 Å/13.0 Å for the second population, when they are treated with the alkylammonium nc = 14 ( Figure 3 ). The calculate charges [32] show a gap between both populations of approximately 0.1 eq/O10 (OH)2, with mean values of 0.87 ± 0.02 and 0.97 ± 0.02. The charge values confirm that these minerals are illites and micas, respectively ( Figure 4c ). The Hofmann-Klemen treatment indicates that the total charge of the two almost exclusively resides in the tetrahedral layer, without any noticeable differences between the fractions analyzed. Also, the values are very similar across the two study sections, with no appreciable variations regarding the burial depth or the R0 and R1 diagenetic stages (Figure 4c ).
TEM images were acquired of samples 1CS6 and 2KG6 (representative of interval R0) and samples 3CS3 and 3CS6 (representative of interval R1), as differentiated in terms of the clay mineralogy determined by XRD.
General Texture
Figure 5a corresponding to sample 1CS6 is representative of the characteristic texture of the top marls in the CS section (R0 stage). Large quartz and calcite grains form the sample's skeleton and create abundant microporosity. Among them, there is a clayey matrix comprising unoriented and relatively loose smectite packets. Low-magnification TEM images of sample 3CS6 (representative of the R1 stage) are similar to those described for the R0 stage, although their microtextures are more compact and the interparticle contacts are more angular, creating notably lower microporosity (Figure 5b ). The I/S packets are more continuous and less wavy than in the R0 stage sample. 
Smectite and Illite/Smectite
High-resolution images (Figure 5c ) of sample 1CS6 show anastomosing packets of two to 10 layers (R0 stage). They have typical smectite features, such as wavy layers and variable spacing of 10-14 Å. These differences in spacing are attributable to the distinct degree of collapse due to the electron beam, at least in part due to the different interlayer populations [19] and the extent of resin access to the different layers. These domains are continuous, without intercalations of illite layers. The corresponding SAED pattern shows a completely turbostratic arrangement typical of disordered polytypes. In this sample, there are I1-type mixed layers, according to Bauluz's nomenclature [3] with spacings of 20-24 Å co-existing with smectite, in agreement with the XRD results and the HRTEM study of samples treated with n-alkylammonium [23] .
In the R1 stage, the disordered smectite matrix typical of the R0 stage disappeared. However, some I/S mixed-layer packets have an anastomosing microstructure reminiscent of the R0 stage smectite. The lattice-fringe images (Figure 5d ) show ordered I/S mixed-layer packets with spacings of 23-24 Å, resulting from a 1:1 sequence of an illite layer (10 Å) and a smectite layer (13-14 Å) corresponding to type I1. Co-existing with these packets are common mixed layers of excess illite layers in illite-smectite sequences of type I2 (34 Å) 1:2 and type I3 (44 Å) 1:3. 
Micaceous Phases
Smectite and Illite/Smectite
In the R1 stage, the disordered smectite matrix typical of the R0 stage disappeared. However, some I/S mixed-layer packets have an anastomosing microstructure reminiscent of the R0 stage smectite. The lattice-fringe images (Figure 5d ) show ordered I/S mixed-layer packets with spacings of 23-24 Å, resulting from a 1:1 sequence of an illite layer (10 Å) and a smectite layer (13-14 Å) corresponding to type I1. Co-existing with these packets are common mixed layers of excess illite layers in illite-smectite sequences of type I2 (34 Å) 1:2 and type I3 (44 Å) 1:3.
Micaceous Phases
The observation of the samples treated with L.R. White resin analysed for both stages revealed three types of micaceous phases with similar characteristics in all samples.
•
The first type includes illites that have slightly wavy and individualized packets of five to 20 layers and constant periodicity of 10 Å, as noted in images, with orientations subparallel to each other (Figure 6a ). They have frayed edges and common dislocations and a loss of layer continuity. SAED images show a lack of general spots of a disordered 1 Md polytype.
•
The second type comprises micas with abundant coherent domains (>1000 Å) (Figure 6b ), high K contents, and defect-free lattice-fringe images at 10 Å. SAED images show a lack of general spots or characteristics typical of a disordered 1 Md polytype.
The third type comprises micas with a similar texture to those of the second type, but with much higher Na contents (determined by AEM) than is usual in a muscovite. The composition of the third type lies completely within the compositional gap between muscovite and paragonite. Figure 6c is a TEM image showing the bending of a Na-rich grain around a quartz grain, presumably caused by compaction of the original sediment. The SAED image corresponds to the 2 M polytype (identifiable by the general spots at 20 Å), with a small variation in the crystallographic orientation between two domains, reflecting the reciprocal space of the grain's curve.
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(a) (b) (c) In lattice fringe images of samples treated with alkylammonium ions (nc = 14), according to the methodological protocols described in [23] , micaceous material is observed, in which, in addition to broad and non-expandable domains, coherent domains with 3-7 expandable layers are also identified (Figure 3) . The detailed lattice fringe measurement allowed the identification of two populations, with layer thicknesses between 21-22 Å and between 24-26 Å (see histogram in Figure 3) , compatible with the two expandable micaceous phases distinguished by XRD (Figure 3 ). The differences in layer thickness determined from both methods, which is always lower in TEM, could be a consequence of the damage produced by the electron beam on the alkylammonium ions intercalated in the interlayer space [33] . The images show different relationships between "expandable phases" and nonexpandable domains: (1) Coherent domains are more or less individualized and without any apparent relationship with non-expandable domains ( Figure 3 ) and (2) expandable sequences intergrowths with or towards the edge of other non-expandable domains, showing sporadically lateral transitions between both types of layers.
Chlorites and Chlorite/Smectite
Chlorite is also observed in samples from both intervals. The chlorite noted in the R0 section is limited to large packets of individual chlorite crystals or of chlorite intergrown with mica, with In lattice fringe images of samples treated with alkylammonium ions (nc = 14), according to the methodological protocols described in [23] , micaceous material is observed, in which, in addition to broad and non-expandable domains, coherent domains with 3-7 expandable layers are also identified (Figure 3) . The detailed lattice fringe measurement allowed the identification of two populations, with layer thicknesses between 21-22 Å and between 24-26 Å (see histogram in Figure 3) , compatible with the two expandable micaceous phases distinguished by XRD (Figure 3 ). The differences in layer thickness determined from both methods, which is always lower in TEM, could be a consequence of the damage produced by the electron beam on the alkylammonium ions intercalated in the interlayer space [33] . The images show different relationships between "expandable phases" and non-expandable domains: (1) Coherent domains are more or less individualized and without any apparent relationship with non-expandable domains ( Figure 3 ) and (2) expandable sequences intergrowths with or towards the edge of other non-expandable domains, showing sporadically lateral transitions between both types of layers.
Chlorite is also observed in samples from both intervals. The chlorite noted in the R0 section is limited to large packets of individual chlorite crystals or of chlorite intergrown with mica, with evident signs of alteration. However, the R1 samples contain, in addition to similar chlorite and intergrowths (Figure 5b) , a second type, with smaller crystals forming subparallel c packets with low-angle boundaries (Figure 7 ). Both types commonly have layers of different contrast and sometimes slight differences in spacing. These layers are often opened in fissures as a result of the electron beam. Therefore, zones of continuous layers at 14 Å are rare.
Minerals 2019, 9, x FOR PEER REVIEW 11 of 24 evident signs of alteration. However, the R1 samples contain, in addition to similar chlorite and intergrowths (Figure 5b) , a second type, with smaller crystals forming subparallel c packets with lowangle boundaries (Figure 7 ). Both types commonly have layers of different contrast and sometimes slight differences in spacing. These layers are often opened in fissures as a result of the electron beam. Therefore, zones of continuous layers at 14 Å are rare. Figure 7 . HRTEM image of a sample from interval R1 with subparallel small packets of neoformed chlorite with a 14 Å sequence.
AEM Study
Based on the XRD results, eight samples were selected as representative of the R0 and R1 diagenetic evolution stages. More than 100 particles were analysed by AEM. The structural formulas of smectite and I/S are given in [23] and those of micaceous phases: Layer charge >0.70 atoms per formula unit (apfu) in Table 1 . These data are supplemented by additional analyses from [23] . The individual assignment of each particle to one phase or another (R0, R1, or mica-including illite) is complex since their morphology on grid does not allow definitive, objective differentiation. The R0 evolution stage is particularly complicated as all the aforementioned phases co-exist and the grain composition is extremely variable. These phases were differentiated based on the fact that, in the R1 stage, smectite (or R0 I/S) was not detected by XRD (Figure 2) or by HRTEM. Therefore, it can be assumed that all the analyses corresponding to this stage agree to interstratified I/S of order R1 or higher, which defines the lower limit for the composition of the R1-type I/S (dashed line in Figure 8a ). 
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Si 
AEM Study
Based on the XRD results, eight samples were selected as representative of the R0 and R1 diagenetic evolution stages. More than 100 particles were analysed by AEM.
Smectitic (Sm and R0 I/S) and Micaceous Phases (R ≥ 1 I/S, Illite, Mica ss)
The structural formulas of smectite and I/S are given in [23] and those of micaceous phases: Layer charge >0.70 atoms per formula unit (apfu) in Table 1 . These data are supplemented by additional analyses from [23] . The individual assignment of each particle to one phase or another (R0, R1, or mica-including illite) is complex since their morphology on grid does not allow definitive, objective differentiation. The R0 evolution stage is particularly complicated as all the aforementioned phases co-exist and the grain composition is extremely variable. These phases were differentiated based on the fact that, in the R1 stage, smectite (or R0 I/S) was not detected by XRD (Figure 2) or by HRTEM. Therefore, it can be assumed that all the analyses corresponding to this stage agree to interstratified I/S of order R1 or higher, which defines the lower limit for the composition of the R1-type I/S (dashed line in Figure 8a ). This limit can be seen to be defined by a layer charge of over~0.5 atoms per formula unit (apfu) and/or Si < 3.60 ± 0.05 apfu. This compositional range was applied to the R0 stage samples to differentiate the R1-type I/S in that stage from the R0-type I/S. Thus, the particles with the lowest charges of all the R1 I/S mark the upper charge limit for R0 (dashed line in Figure 8a ). The figure shows there is no compositional gap from smectite (R0-type I/S) to muscovite ss, which are located around the extreme upper end of the illitization trend (interlayer charge ≈ 1 apfu) and Si < 3.1-3.2 apfu. This compositional continuity arises from the presence of mixed-layer phases of R > 1 and illites of different nature (described by XRD and HRTEM) and it precludes the delimitation of clear compositional limits between R ≥ 1, illite, and muscovite. The decrease in Si from smectite to muscovite is associated with an increase in the interlayer charge, which could indicate a fundamentally tetrahedral nature for the charge increase in the 2:1 phases.
When plotted on a "Velde" diagram [34] , the chemical composition of both the smectites (R0) and the micaceous phases reveals a very marked dioctahedral nature (Figure 8b ). The compositional plot reflects a trend from the smectite phases (Sm + R0) to the micaceous phases (R ≥ 1 + I + M) without differences with regard to the diagenetic stage of the samples. There is also a slight influence of the vector (2R3 + − 3R2 + ) that implies a minor displacement towards a more marked dioctahedral nature for the R1 stage phases as compared to the equivalent ones in the R0 stage. Furthermore, the smectite phases show no evident defined beidellite or montmorillonite nature. There is a majority of points whose average layer charge distribution corresponds to the beidellite end member, but most of the particles also have a significant montmorillonite component (Figure 8c ). This may be due in part to the presence of illite layers between the smectite domains (R0 I/S). The octahedral positions are primarily occupied by A1 in all phases.
The type and proportion of interlayer cations is somewhat more variable in the smectite phases than in the micaceous phases, with the interlayer cation K generally dominating in both types (Figure 8d) . Nevertheless, the smectite phases generally contain a larger and more constant proportion of Ca than the micaceous phases, although the latest have more constant Ca contents. However, these phases show greater compositional variability regarding the K-Na poles. 
Chloritic Minerals
In this sub-section, we have grouped all grain analyses with an octahedral occupation of >4 on a base of O 10 (OH) 8 (Table 2) .
This therefore includes chlorites and chlorite mixed layers with 2:1 layers. XRD confirms the presence of small concentrations of chlorite in most of the samples in addition to a phase compatible with corrensite or with a chlorite/smectite or chlorite/corrensite mixed layer [35] in the R1 stage of diagenetic evolution (Figure 2 ). Since the a priori differentiation of the two phases is impossible texturally in AEM on grid, all the structural formulas were normalized to 14 oxygens. The compositional plot in the ternary diagram of Si − (Fe + Mg) VI − Al VI (Figure 9 ) shows an almost continuous distribution of analyses between two chloritic poles, one tri-tri octahedral of chamosite (average Fe/Mg = 2.04) or corrensite, and another sudoite or tosudite, di-trioctahedral pole. Both end members can be discerned based on the occupation of R 2+ − R 3+ , which, in our analyses, lies between 4.6 and 5.6 apfu ( Table 2) . All the analyses reveal excess Al VI compared to Al IV . These characteristics suggest the presence of a dioctahedral component in all the samples, which is evident in the point distribution in the plot (Figure 9 ). Regarding the stage of diagenetic evolution corresponding to each analysis, the two from the R0 stage are superimposed on those from the R1 stage, albeit in the range of chlorite end members ( Figure 9 ). However, the rest of the points are displaced towards the Si pole as the composition approaches the di, trioctahedral end member so that the more Si-rich poles have the most excess Al VI , with a tendency to be located in an intermediate range between the corrensite-tosudite poles. Some of these positions are very close to the range corresponding to the C/S mixed layers, and are likely compatible with chlorite/corrensite-tosudite mixed layers.
Furthermore, the analysis shows no correlation between the Fe/(Fe + Mg)/Al VI − Al IV ratio (not shown) and all have a high number of interlayer cations: 0.12-0.58 (Table 2) . In some cases, the number of interlayer cations is even higher than expected for a C/S mixed layer [36] . One might attribute this to the contribution of extra smectite layers in the crystallites. Nevertheless, this lack of correlation is probably a consequence of significant compositional variability in the sheets intercalated in the chlorite structure. In contrast, different proportions of smectite or vermiculite layers (with approximately constant compositions) in a chlorite structure or even chlorite-layers and chlorite/smectite interstratifications would provide good correlations. Alternatively, the presence of incomplete interlayered sheets of hydroxyl-ion polymers (HIM) in some chlorite layers could also explain the high proportions of Al VI , the abundance of interlayer cations, and the lack of a correlation between Fe/(Fe + Mg) and Al VI − Al IV . The alteration and loss (at least in part) of the Fe 2+ in the hydroxide sheet of some chlorite layers could have given rise to the appearance of empty zones in the chlorite layers, which could have been occupied by hydrated cations (Ca 2+ , K + , Na + ). A process of this type would displace the tri, trioctahedral end member towards the HIM end member (Figure 9 ). Any one of these possibilities presupposes that the calculation of the structural formula of the chlorite phases (Table 2) on the basis of a theoretical O 10 (OH) 8 affects the obtained Si proportion, the balance of Al VI − Al IV , and produces a relative decrease in the total octahedral cations. This suggests that in some cases, there is not a direct relation between the analyses and their corresponding structural formulas, thereby giving rise to a false dioctahedral nature in the chlorite edifices [35] . Furthermore, the analysis shows no correlation between the Fe/(Fe + Mg)/Al VI − Al IV ratio (not shown) and all have a high number of interlayer cations: 0.12-0.58 (Table 2) . In some cases, the number of interlayer cations is even higher than expected for a C/S mixed layer [36] . One might attribute this to the contribution of extra smectite layers in the crystallites. Nevertheless, this lack of correlation is probably a consequence of significant compositional variability in the sheets intercalated in the chlorite structure. In contrast, different proportions of smectite or vermiculite layers (with approximately constant compositions) in a chlorite structure or even chlorite-layers and chlorite/smectite interstratifications would provide good correlations. Alternatively, the presence of incomplete interlayered sheets of hydroxyl-ion polymers (HIM) in some chlorite layers could also explain the high proportions of Al VI , the abundance of interlayer cations, and the lack of a correlation between Fe/(Fe + Mg) and Al VI − Al IV . The alteration and loss (at least in part) of the Fe 2+ in the hydroxide sheet of some chlorite layers could have given rise to the appearance of empty zones in the chlorite layers, which could have been occupied by hydrated cations (Ca 2+ , K + , Na + ). A process of this type would displace the tri, trioctahedral end member towards the HIM end member (Figure 9 ). Any one of these possibilities presupposes that the calculation of the structural formula of the chlorite phases (Table 2) on the basis of a theoretical O10(OH)8 affects the obtained Si proportion, the balance of Al VI − Al IV , and produces a relative decrease in the total octahedral cations. This suggests that in some cases, there is not a direct relation between the analyses and their corresponding structural formulas, thereby giving rise to a false dioctahedral nature in the chlorite edifices [35] .
It appears that the analysed chloritic phases correspond to chlorites, with a more or less intense alteration due to the presence of 2:1 layers or HIM layers, and to the chlorite/corrensite or tosudite mixed layer, but only in the R1 diagenetic stage and compositionally indistinguishable from the aforementioned chlorite phases. Nonetheless, this possibility is purely speculative for the moment since the low contents of these types of phases in the samples preclude more detailed observations. It appears that the analysed chloritic phases correspond to chlorites, with a more or less intense alteration due to the presence of 2:1 layers or HIM layers, and to the chlorite/corrensite or tosudite mixed layer, but only in the R1 diagenetic stage and compositionally indistinguishable from the aforementioned chlorite phases. Nonetheless, this possibility is purely speculative for the moment since the low contents of these types of phases in the samples preclude more detailed observations.
Discussion
Origin of Clay Minerals: Detrital Versus Diagenetic Minerals
In the studied sediments, the most noteworthy variation in the clay mineralogy is the disappearance of smectite and variations in the contents and type of ordering of I/S mixed layers regarding the burial depth. In both sections, smectite derives from soils in the source area, the Hesperian Massif (Iberian Variscan Chain), and probably the northwestern zone of the Ebro Massif [5, 37] , under the general greenhouse conditions prevailing throughout most of the Late Cretaceous [38] . However, its distribution through the two stratigraphic sections differs regarding both the burial depth and sediment age. Since the geothermal gradient must have been similar for the two series, a different burial temperature cannot account for these differences. If we take as a reference the lower section of the Coniacian in both series, we observe that the type of facies is practically identical, which implies the same paleogeographic position during that interval. However, the presence of smectite is only registered in the KG series (Figure 1) . Consequently, this different mineralogy cannot be attributed to the contribution of different source areas or to a possible differential settling. Probably, the cause lies in the different illitization kinetics in the two sections.
In the CS, smectite (as a discrete mineral) disappears at a burial depth of around 3200 m in the Coniacian marls without any appreciable lithological change linked to the event. Furthermore, in this section, smectite disappearance is gradual and accompanied by an increase in the proportions of I/S mixed layers, which can be related to smectite transformation towards illite through intermediate phases.
However, in the KG section, which is notably condensed compared to the CS section (Figure 1) , smectite is present through most of the section. It then abruptly disappears at 2300 m, coinciding with an increase in detrital clay, represented by lutitic-marly lithologies from the upper Cenomanian to lower Turonian. The absence of smectite below this limit cannot be attributed to the lack of smectite inputs because its presence was noted in some upper Albian-Cenomanian sections farther south that were less deeply buried [21] . In other words, both the depth and the style of smectite disappearance are different in the two sections. Therefore, characteristics of the lithological setting (such as greater permeability and K availability) likely promoted smectite disappearance at shallower depths (and presumably lower temperatures) in the KG section. In contrast, the lack of such characteristics in the CS section are most likely responsible for its persistence at comparatively higher depths. This deeper disappearance of smectite in an unfavourable lithological setting for the progress of illitization, due mainly to the scarcity of K + and access routes to reactive grains, as a result of low permeability, has already been reported for the Álava Trough in a study on hydrocarbon exploration wells [5] . Other clay minerals, apparently unaffected by this diagenesis, such as kaolinite and illite, do not show notable differences between the two sections ( Figure 1) . The fluctuations for kaolinite and illite throughout the sections can be explained considering the existence of wetter periods within the predominantly dry warm climate during the late Cretaceous. This would enhance kaolinite-rich soil formation and higher erosion rates, both compatible with the regional paleoclimate setting [39] . The top of both sections (with notable amounts of kaolinite and illite) reflects the homogenization of the basin floor, coinciding with the end of subsidence and the start of a major regressive cycle, which culminated with the main Alpine orogeny in the earlymost Eocene.
According to this study and all the previous clay-mineral studies of the region ( [5] and references therein), the grade of the Upper Cretaceous material in the basin never exceeded moderate diagenesis, compatible with R1 I-S with less than 80% illite layers. The progressive character of the evolution from smectite (or R0 smectite-rich I-S) to the maximum-grade diagenetic materials is well represented in all the sequences studied in the basin [5, 23] and in agreement with the data presented in this study (Figures 1 and 2 ).
Micaceous Phases
The combination of XRD and TEM in this study, using original and alkylammonium-treated samples, shows the coexistence in the studied samples of several types of micaceous phases, such as micas, illites, and I/S, with low smectite-layer content (R > 1). All these phases produce 10 Å reflection on the XRD patterns obtained by conventional techniques, and they may be associated with both diagenetic and detrital origins. It worth considering that in the Upper Cretaceous series studied, as it has been indicated before, diagenesis is not well advanced, as evidenced by the generalized presence of R0 I/S (smectite-like) and R1 I/S. HRTEM and AEM results indicate the presence of well crystallized and ordered micas with a high interlayer content and with variable Na contents and in occasions higher than the usual in muscovites. These micas are widely present in the studied sediments ( Figure 10 ) and their texture (Figure 6c ) can be explained as the result of a deformation after the deposition of the sediment; that is, they should have arrived at the basin as detrital material. These micas that have an Na-K intermediate composition, in the compositional gap between muscovite and paragonite, have been considered as indicative of deep diagenetic to low anchizone grades [40, 41] ; this would be a previous stage to the segregation into separate packets of paragonite and muscovite at higher grades [42] . The intergrowth packets (stacks) of mica-chlorite (Figure 5b ) may be typical of late diagenetic, anchizone, and low epizone rocks [43] [44] [45] [46] , and as the Na-K micas, they would be detrital phases. The proposed source area of these detrital phases is the Hesperian Massif (Iberian Variscan Chain) that has abundant material corresponding to the anchizone and low metamorphic grade [47, 48] , and together with the soils developed in that zone, could account for the micaceous background detected in all the samples. [40, 41] ; this would be a previous stage to the segregation into separate packets of paragonite and muscovite at higher grades [42] . The intergrowth packets (stacks) of mica-chlorite (Figure 5b ) may be typical of late diagenetic, anchizone, and low epizone rocks [43] [44] [45] [46] , and as the Na-K micas, they would be detrital phases. The proposed source area of these detrital phases is the Hesperian Massif (Iberian Variscan Chain) that has abundant material corresponding to the anchizone and low metamorphic grade [47, 48] , and together with the soils developed in that zone, could account for the micaceous background detected in all the samples. Furthermore, defect-free micas with high K contents, packets larger than 100 nm, and latticefringe images at 10 Å were observed by TEM; they form domains of continuous subparallel packets without intergrowths with smectite domains (Figure 6b ) in both R1 and R0 stage samples. We infer that these micas are those that have a non-expandable behaviour with the n-alkylamoninum treatment. The features of these micas are compatible with metamorphic rocks [49] or igneous rocks and are therefore incompatible with the moderate diagenetic grade determined for the basin.
HRTEM and
On the other hand, other types of micaceous phases (illites and I/S illite-rich phases) coexist with the above mentioned detrital micas and the differentiation of their detrital or diagenetic origin is a difficult issue to clarify.
On the basis of the alkylammonium study, three populations of micaceous phases were detected: The non-expandable micas, already mentioned, and two populations of expandable phases with interlayer charges of 0.87 ± 0.02 corresponding to illites and 0.97 ± 0.02 corresponding to micas. We Furthermore, defect-free micas with high K contents, packets larger than 100 nm, and lattice-fringe images at 10 Å were observed by TEM; they form domains of continuous subparallel packets without intergrowths with smectite domains (Figure 6b ) in both R1 and R0 stage samples. We infer that these micas are those that have a non-expandable behaviour with the n-alkylamoninum treatment. The features of these micas are compatible with metamorphic rocks [49] or igneous rocks and are therefore incompatible with the moderate diagenetic grade determined for the basin.
On the basis of the alkylammonium study, three populations of micaceous phases were detected: The non-expandable micas, already mentioned, and two populations of expandable phases with interlayer charges of 0.87 ± 0.02 corresponding to illites and 0.97 ± 0.02 corresponding to micas. We infer that these expandable illites are those we observed on TEM images from LR White resin-impregnated samples, forming slightly wavy packets of five to 20 layers and constant periodicity of 10 Å (Figure 6a ), and they also have frayed edges, common dislocations, and a loss of layer continuity.
The progressive diagenesis related to the depth in the studied basin also affected the layer charge of the expandable layers in I/S throughout the sequence (Figure 4a,b) . In contrast, the layer charge of the expandable micas and illites detected by the alkylammonium study is constant and completely independent of depth and diagenesis (Figure 4c ). The lack of changes in the total charge of these expandable phases suggests that they are not products of the diagenetic evolution, but they were probably formed in other higher-grade condition environments than those reached in the basin analysed in this study; for this reason, the diagenetic evolution of the basin did not affect their charge. Therefore, the expandable illites distinguished by the alkylammonium treatment are not the final stage of a smectite to illite reaction during diagenesis.
There are some lattice-fringe TEM images (Figure 5d ) corresponding to the R1 stage that show ordered I/S mixed-layer packets (I1 units) coexisting with rich-illite I/S mixed layers (I2 and I3 units). Taking into account that R > 1 I/S have been not detected by XRD, the occurrence of I2 and I3 has to be very scarce. Probably, these I2 and I3 domains are included in the R1 described by XRD, since R1 can contain 60% to 80% illite [26, 29] . These I2 and I3 units might be the starting of the R1 illitization, but in any case, it would be a very incipient process.
Composition (AEM) of Micaceous Phases
The compositional field found for all the dioctahedral micaceous phases ranges from typical smectite to mature mica compositions (Figure 8a ,b) Their poles are represented by smectite ± R0 (Figure 5c ) and mica, showing all the chemical, crystallographic, and textural characteristics of mature detrital mica ( Figure 6b ). As indicated above, the existence of different materials in the source area, as sedimentary input, is expected in this basin. Nevertheless, no compositional gap can be identified (Figure 8a,b) . That is, all the intermediate phases from Sm (and R0 I/S) to R1 I/S to mica, are present in the studied sediments. Alternatively, AEM analyses might suggest a complete illitization process with the formation of all the intermediate steps (smectite-I/S-illite-mica), however, the techniques used in this study of both XRD and HRTEM permit discarding of this hypothesis. This large compositional variation is at least partially due to the complex intergrowths identified by HRTEM images (Figures 5d  and 6a) .
The defect-free and non-expandable micas, the expandable micas, and the expandable illites (Figure 6a ), presumably together with the most illite-rich I-S, are also responsible for the compositional continuity found in Figure 8a ,b from R1 I/S to mature mica fields. Their presence in the samples makes it impossible to objectively differentiate the different smectite to mica compositional fields based only on compositional criteria.
Expansible and Non-Expansible Micaceous Phases
The alkylammonium ion intercalation method allows differentiation of the complex association of micaceous phases [23] in the Upper Cretaceous Series of the Álava Trough, constituted by two populations of expandable micaceous phases by long-chain alkylammoniums (nc ≥ 10) and a non-expandable remnant (Figure 3 ). These phases were always observed in different areas than the I/S (Figure 6a ), in the two fractions <2 µm and <0.5 µm and along the entire stratigraphic column, whose depth is greater than 3000 m. The charge distribution of each of these two expandable populations shows several remarkable aspects (Figure 4c ): (i) The separation of both populations is evident, (ii) the values of the determined charge present high homogeneity within each population, and (iii) the charge shows no variation with respect to the burial depth. Such observations suggest that the two populations of expandable phases are detrital in origin since the value of their charge is independent of the progress of burial diagenesis. The high value of the charge calculated for the mica population with the highest charge, which is around 0.97 ± 0.02/(Si, Al) 4 O 10 , is striking. The expansion of the 2:1 layers by intercalation of the high nc alkylammonium ions is an exchange mechanism in which the K + ions are displaced by organic cations [13] . Since the charge of the layers is high (~1/(Si, Al) 4 O 10 ), K + is strongly linked to the confining tetrahedral layers of the interlayer space, and this is the reason the muscovite normally does not expand. However, if the treatment is long enough, the penetration of the high nc alkylammonium ions, being highly flexible [50] , could advance laterally from the edges through a "wedge" type effect, partially or totally expanding the original layer of the muscovite and progressively displacing the K + from its interlayer positions. The exchange reaction of the alkylammonium ions in the 2:1 micaceous minerals seems to be more influenced by microstructural characteristics than by the layer charge and its K content [51, 52] . If the reaction time is sufficient, the lack of homogeneity in the type and distribution of cations in the interlayer can facilitate the aforementioned reaction [17] .
The high compositional heterogeneity in the interlayer space observed in the micaceous phases of the studied series could explain their differences in expansibility. In this study, such an aspect can be found in the plot corresponding to the micaceous material (Figure 10 ), considering the set of particles whose layer charge is >0.75/O 10 (OH) 2 , the lower limit of illite charge proposed by [18] . Also, the influence of the differences in grain size cannot be discarded, with smaller grains being more accessible to the intercalation of alkylammonium.
Chlorite Phases
This assemblage of chlorite phases (including both chlorite and different types of mixed-layer minerals related to it) is a very minor component of the phyllosilicate assemblage in both studied sections (Figure 1) , with two distinct textures noted that, at first glance, suggest different origins. The first texture is intergrown with mica in large grains nestled with quartz and calcite grains and showing abundant signs of alteration (Figure 5b ), aspects indicating a detrital origin. Its provenance is probably found in the low-grade metamorphic rocks present in the Hesperian Massif Palaeozoic [21] . The second texture, noted only occasionally, appears in smaller, slightly disordered packets with no evident signs of alteration ( Figure 7 ). It was observed in sample 3CS3, which corresponds to the R1 stage of diagenetic evolution. Its microfabric comprises packets lacking alterations or layers and with a different microstructure, suggesting a neoformed origin. Nevertheless, these textural differences between the two chlorites could not be related to the composition of the AEM-analysed grains since the analyses that reveal compositions closer to the typical chlorite range correspond to both the R0 and the R1 diagenetic stages ( Figure 9 ). As mentioned, all the analyses reveal an excess of Al VI and high proportions of interlayer cations, a circumstance also observed by other authors [35] . Multiple causes may account for these compositions, including the presence of smectite layers or C/S mixed-layer minerals interlayered with chlorite. In these cases, assuming a homogeneous composition of both the interstratified layers (whether smectite or corrensite) and the chlorite, there should be a correlation between the Fe/(Fe + Mg) and Al VI − Al IV as their proportions vary in the 'chlorite' edifice. The absence of such a correlation therefore seems to indicate the existence of significant compositional variability in the interstratifed layers and/or in the chlorite and could be accounted for by the presence of layers of hydroxy interlayered minerals (HIMs) (Figure 9 ). They usually have high compositional variability due to the different degree of polymerization of the Al VI in the interlayer sheet [53] . This variability is present in all analyses, due to which none of them can be specifically related to the chlorite phases observed under XRD or even under TEM (Figure 7) .
The compositional plot ( Figure 9 ) reveals two poles in the analyses, one chlorite and the other corresponding to more heterogeneous phases that include chlorite/tosudite mixed-layer minerals that are most probably the phase detected by XRD (Figure 2 ) and are only present in the R1 stage. The high rate of Al VI − Al IV and of the Fe/Mg ratio is unlikely compatible to an authigenic origin in the marine sedimentary medium of the Álava Trough. Therefore, the analysed chlorite phases probably correspond initially to chlorites or chlorite mixed-layer minerals altered by HIM layers to a greater or lesser extent, which comprised part of the detrital background in most of the samples. During the R1 stage of more advanced diagenesis, part of the layers must have evolved in micro-settings (on the scale of the grains themselves) with very specific compositions towards chlorites and mixed-layer minerals. The result is the co-existence of compositionally different phases in the same sample, which is a reflection of chemical disequilibrium in the diagenetic setting.
In summary, we conclude that the abundance of clays in Álava Block in the Basque-Cantabrian basin is inherited from the rocks and soils in the source area. The erosion, transportation, and sedimentation are the predominant processes in these settings and cause few changes in clay minerals except for a possible influence on their distribution due to their original size and perhaps some exchange reactions of interlayer cations. Clay-mineral assemblages in such settings can therefore be interpreted based on the factors controlling erosion and soil formation in the source area. Usually, as diagenesis progresses, some inherited minerals may undergo transformations that, to a large extent, can completely obliterate any detrital signal. However, in the studied series, the transformations of the detrital clays are limited, smectite being the most reactive as it transforms into illite through I/S mixed layers during the first stages of burial diagenesis.
Evolution of the Layer Charge during Diagenesis
Smectite illitization requires the entrance of K into the interlayer spaces, which only occurs if the layer charge is high enough for the interlayer K + to dehydrate, thereby giving rise to an irreversible collapse of the layer [54] . This increase in the layer charge is due, in the end, to the substitution of part of the Si 4+ in the tetrahedral layer with Al IV , a process known as beidellitization. The charge of the expandable 2:1 layers is therefore a key parameter in the illitization process of smectite [1] . Nevertheless, the insertion of K + into the interlayer spaces depends on the availability of this ion in the setting [10] . That is, the increase in the layer charge is a necessary condition, but it is not enough for illitization. The fact that progressive illitization during diagenesis is found in sedimentary series suggests, therefore, that both requirements, beidellitization and K + access to the interlayer, have been met and its lack indicates the nonexistence of one of them. This fact has been confirmed in many prograde series showing a Sm-I/S-I phase distribution, with fewer and fewer 2:1 swelling layers. The authors of [55] observed a continual increase in the tetrahedral charge of smectite prior to its illitization during diagenesis in Tertiary sandstones and lutites in the Nakanomata and Yachi rivers in Niigata, Japan.
Nevertheless, the absolute value of the layer charge (and especially its distribution) is difficult to determine, with wildly varying results in the literature depending on the method used [56] . This accounts for the scarcity of studies analysing this question. The intercalation of alkylammonium ions [27, 28] and their calculation based on the structural formula are the methods providing the best results. However, although the values from the two methods tend to differ in percentage (sometimes significantly) for various reasons, the alkylammonium ion-exchange method provides an adjusted value for the true layer charge [23] .
As seen in the two series studied, the total layer charge shows an increasing trend with depth, somewhat more evident in the R0 stage of diagenetic evolution (Figure 4a ). In addition, the tetrahedral charge is always greater than the octahedral charge in both stages. In the R1 stage, the octahedral charge is slightly lower than in the R0 stage, whereas the tetrahedral charge shows the opposite trend (Figure 4b ). Therefore, with progressive burial, the charge increases and tends to preferentially locate itself in the tetrahedral layer, slowly increasing.
The evolution of the layer charge from the Upper Cretaceous in the Álava Trough therefore shows that the advance of illitization of smectite is linked to a progressive beidellitization of the smectite. With increasing depth, the beidellite layers are preferentially consumed to form illite in the R1 stage. However, this transformation occurs earlier in the KG series than in the CS series since the former reaches greater permeability and therefore K + (availability) at shallower depths. In the CS series, however, the setting is less reactive, and the illitization of the beidellite layers occurs at a higher temperature, which is reached at a greater depth (Figure 1 ). The remnant of smectite layers in the R1 mixed layer has a lower total charge (Figure 4a ) since the smectites with a higher charge were consumed in the previous illitization process. With increasing depth, the remnant R1 smectite layers transform to beidellite and undergo a slight increase in layer charge (Figure 4b) . Illitization is therefore a reset process in which, during burial, R1 mixed layers progressively substitutes smectite as the dominant phase. The charge of the smectite layers varies within a similar range in both stages: 0.32-0.41 for R0 and slightly lower for R1 at 0.33-0.38. The increased charge at depth occurs in each of the two stages in a similar range of values, although it can develop more slowly in R1 (Figure 4a ). The heterogeneity of the original smectite [23] would determine a faster process in R0, whereas the heterogeneity would be lower in the R1 stage due to the prior smectite transformation to R1. In addition, the results (Figure 4a ) indicate that the smectite layer charge increases up to an approximate mean value of 0.40/O 10 (OH) 2 , which is similar to the maximum charge values obtained for the I/S smectite layers by other authors using different methods [55, 57, 58] .
This trend seems to indicate that the chemical and structural changes involved in smectite illitization as a result of diagenesis probably occur in a relatively closed system on a scale similar to that of the original smectite packets. The cause is related to both an almost total lack of K + availability outside of the packets and to the absence of effective pathways in, given the medium's low permeability. These characteristics are found in both lithostratigraphic series studied.
In the Upper Cretaceous series from the Álava Trough, we found two expandable micaceous phases whose charges are nearly constant throughout the stratigraphic column, which suggests the existence of at least two populations of a different nature, prior to their burial, both therefore of a detrital origin, but probably linked to different materials of the source area. The expandability of micaceous phases has been observed even following very low and low grade of metamorphism by some authors [59, 60] , which also found a decrease in the expandable component with increasing metamorphic grade. The diagenetic grade reached by the Álava Trough series has not exceeded the R1 evolution stage, and the maximum temperature data calculated for these same series in deep wells is under 180 • C [5, 59] , which is insufficient for the complete disappearance of all the illite swelling layers [59] .
Conclusions
In the Upper Cretaceous series from the Álava Trough smectite distribution varies in relation to burial depth in the two studied stratigraphic sections, due to the distinct illitization kinetics. The diagenetic grade evolves from the R0 to the R1 stages. Smectite absence occurs at shallower depths in the more condensed section (KG) than in the thicker one (CS), due to greater permeability and availability of K. In the latter, the smectite absence is related to increasing burial depth and geothermal gradient. Several types of micaceous phases and I/S mixed layers with diagenetic or detrital origins were differentiated. Defect-free micas with high K content, ubiquitous in the two series, intergrowth packets of mica-chlorite, and well crystallized and ordered micas with high interlayer content and variable-but high-Na contents, are ascribed to detrital origin. The compositional variability, high range of Al VI − Al IV , and Fe/Mg ratio of the chloritic phases is compatible with the presence of HIM layers to a greater or lesser extent within the chloritic building, which suggests a detrital origin.
With progressive depth, the disappearance of smectite (R0), presence of R1 I/S mixed layers, increase in the charge of the smectitic layers, and their progressive beidellitization, together with the presence of a more oriented fabric are the most obvious mineralogical processes attributable to diagenesis in the Álava Trough. The presence of phases of diagenetic origin is scarce and obliterated by the abundance of detrital phases. The ordered R1 I/S mixed layers are mostly the diagenetic phases, without ruling out some very limited proportion of R > 1 I/S mixed layers. In addition, a small proportion of chloritic phases could have evolved towards C/S mixed layers and chlorites, through the R1 diagenetic stage. With progressive burial, the layer charge of smectitic layers increases and tends to be preferentially located in the tetrahedral layer. In the Álava Trough, the illitization is a reset process in which, during burial, R1 mixed layers progressively substitutes smectite as the dominant phase.
Soils and rocks of advanced diagenesis and very-low or low metamorphic grade of the Hesperian Massif (Iberian Variscan Chain) are the source of sedimentary material. Therefore, deep diagenetic or very low-grade rocks have acted as a source material, making it impossible to mark a neat separation between the detrital and diagenetic materials. Therefore, the interpretation of the true diagenetic grade of a region should always take into account such a possibility and careful consideration of the possible source rocks and analysis of the textural relationships among the identified mineral phases is highly recommended. 
